ABSTRACT This paper presents a polarization reconfigurable differential circularly polarized (PRDCP) antenna with wide impedance and axial ratio (AR) bandwidth for right-hand circular polarization (RHCP) or left-hand circular polarization (LHCP). The antenna is composed of a bandwidth-improved radiator and a reconfigurable differential-to-single-ended sequential feeding network. The radiator consists of three patches, and four feeding lines to achieve the wide AR bandwidth and stable radiation patterns. The feeding network consists of two stepped coupled line couplers (SCLCs), and two switches that provide switchable quadrature excitations. By digitally controlling the inputs of the switches, the LHCP or RHCP mode can be selected. To verify the feasibility of the PRDCP antenna, a prototype is designed, fabricated, and measured. The measured results show that the bandwidths in the LHCP (RHCP) are 75.6% (81.8%) of a 10-dB matching, 66.7% (71.2%) of a 3-dB AR with stable radiation patterns of 7.4 dBi (7.4 dBi) peak gain.
I. INTRODUCTION
Circularly polarized (CP) antennas have drawn more and more attention in various modern wireless communications because CP antennas can reduce the multipath effects and improve system sensitivity and capacity. In particular, polarization reconfigurable circularly polarized (PRCP) antennas are able to generate both LHCP and RHCP radiations, which can provide more purposes like reusing the frequency spectrum, enabling polarization coding for digital systems. With the trend of high throughput and low latency in wireless communications in recent years, many efforts have been demonstrated to improve impedance and AR bandwidth for CP and PRCP antennas.
As is well known, CP antennas can be classified into two types: single-fed type and multi-fed type. The single-fed CP antenna has a simple feeding structure without the need of additional feeding network, but it is difficult to achieve wide
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AR bandwidth. Nevertheless, many methods such as reflector backed aperture antenna [1] , L-shaped slot antenna [2] , dielectric resonator antenna (DRA) [3] - [5] , magneto-electric dipole antenna [6] , [7] , and cross-dipole antenna [8] - [10] have been proposed to improve the bandwidth of singlefed CP antennas. For multi-fed CP antennas, compared to the single-fed type, wide impedance and AR bandwidth can be easily achieved by designing a wideband feeding network with equal amplitude and ±90 • phase differences between the adjacent output ports. For instance, wideband CP antennas were realized by feeding annular-ring patch [11] , bowtie dipoles [12] , hybrid DRA and patch [13] , stacked patches [14] , quadrifllar helical antenna [15] , or strips coupled annulus patch [16] using a wideband feeding network. Although the CP antennas mentioned above can achieve maximum impedance and AR bandwidth over 90%, these antennas are not polarization reconfigurable.
Compared with CP antennas, designing PRCP antennas with wide impedance and AR bandwidth is a considerable challenge. In general, reconfigurable CP radiators and feeding networks are widely utilized for PRCP antenna. Many works [17] - [21] have been reported to realize CP reconfigurability by designing reconfigurable radiators. However, their operating AR bandwidths are commonly narrow. The maximum AR bandwidth of these designs is about 25%. For example, different patches were controlled by PIN diodes or switches to change the polarization of the PRCP antenna [19] - [21] . In [20] , a wheel-shaped antenna with reconfigurable coupling loop stubs can generate vertical polarization, LHCP, and RHCP by controlling the PIN diodes. The AR bandwidth of this antenna is about 15%. Circular patch antenna with diodes-controlled slots [21] has a wider AR bandwidth of about 25% for the LHCP and RHCP modes. Besides, some reports used a reconfigurable feeding network to implement the PRCP antenna, as it is easier to reconfigure the polarizations of the antenna. For example, a wideband PRCP antenna with L-shaped feeding probes [22] achieved a 20.8% AR bandwidth. A polarization and pattern reconfigurable CP antenna [23] reported 22% AR bandwidth. Four radiating arms fed by a reconfigurable feeding network [24] realized the AR bandwidth of 23.5%. In addition, by using the reconfigurable cross-dipole antenna [25] , [26] to design PRCP antenna, the AR bandwidth can be enhanced up to 58.9%. Nevertheless, current PRCP antennas are difficult to achieve a wide AR bandwidth compared to that of CP antennas.
Furthermore, balanced systems provide high immunity to environmental noise and electromagnetic interaction between circuit nodes [27] . Differential antennas can be directly connected to balanced circuits to transmit differential signals without the need for baluns [28] . On the other hand, differential CP antennas combine the advantages of differential and CP antennas. However, to the best of our knowledge, few CP antennas with differential structures, reconfigurable polarizations, wide impedance and AR bandwidth have been reported.
In this paper, a PRDCP antenna is proposed. To enhance the impedance and AR bandwidth, achieve differential input and polarization reconfigurability, a bandwidth-improved radiator is designed and fed with a reconfigurable differentialto-single-ended sequential feeding network. Measurement results of a prototype show that the proposed PRDCP antenna can realize impedance and 3-dB AR bandwidths of 75.6% (81.8%) and 66.7% (71.2%) in the LHCP (RHCP) mode. Compared with other PRCP antennas [17] - [26] , the proposed PRDCP antenna can be directly connected to balanced systems, and achieve wider impedance and AR bandwidths.
II. ANTENNA CONFIGURATION AND DESIGN

A. CONFIGURATION OF THE PROPOSED PRDCP ANTENNA
As shown in Fig. 1 , the proposed PRDCP antenna consists of three main parts: a bandwidth-improved antenna radiator etched on Substrate 1, four metal posts, and a reconfigurable feeding network etched on Substrate 2, 3, and 4. Substrate 1, 2, and 4 are RO4350B with a relative permittivity of 3.48, loss tangent of 0.0037, and thickness of h 0 = 0.762 mm, while Substrates 3 is RO4450F with a relative permittivity of 3.52, loss tangent of 0.004, and thickness of h 1 = 0.101 mm. The antenna radiator is composed of an annular-ring patch (Patch 1), two circular patches (Patch 2 and 3), four feeding lines, and eight vias. The feeding network is composed of two polarization-control switches, four microstrip-to-stripline transitions, and two SCLCs. The differential signals input from the differential port (Port 1+ and 1−) can be divided by the two SCLSs into four output signals with equal amplitude and ±90 • phase differences between two arbitrary adjacent ports. The antenna radiator is then excited by the output signals through four metal posts. The distance between the antenna substrate and the feeding network substrates is d h = 5 mm, and the diameter of the metal posts is d r = 1.3 mm. It should be noted that the phase differences (+90 • or −90 • ) of the output signals can be controlled by the two switches, which means that the LHCP or RHCP of the antenna can be controlled by the switchable feeding network.
B. CONFIGURATION AND DESIGN OF THE BANDWIDTH-IMPROVED ANTENNA RADIATOR
The design of the bandwidth-improved antenna radiator is a key procedure in designing this PRDCP antenna, which determines the performance of the antenna such as impedance, AR, gain, and radiation pattern. To understand the bandwidth improving mechanism of the wideband antenna radiator, reflection coefficients of four different radiators are simulated as shown in Fig. 3 . It can be seen that without Patch 3 and patch-vias (radiator I), the radiator operates in a relatively narrow frequency band, while without Patch 2 and patch-vias (radiator II), the operating frequency band is improved. When Patch 2 and Patch 3 are added, and the patch-vias are removed (radiator III), the bandwidth of the antenna radiator can be further improved. The patches and patch-vias are added simultaneously to construct the proposed radiator, the wideband operation with good reflection coefficient is achieved. Noted that the geometric parameters of the antenna radiators are the same, and fed with identical amplitude and phases of 0 • , 90 • , 180 • , and 270 • .
It can be seen from the above analysis, the resonant frequency at the lower band is derived from the coupling between Patch 1 and Patch 3, the resonant frequency at the upper band is derived from Patch 2. In addition, the four feeding lines are utilized to improve the coupling between the patches for further enhancement of the bandwidth. Fig. 4 shows the simulated gain and AR of the proposed radiator. The simulated maximum gain from 1.5 to 4.5 Ghz is 11.1 dBi, and the available maximum AR bandwidth is greater than 100%.
C. CONFIGURATION AND DESIGN OF THE RECONFIGURABLE FEEDING NETWORK
In order to achieve polarization reconfigurable feature, a differential-to-single-ended sequential feeding network based on switches and SCLCs is applied to feed the antenna radiator. Fig. 5 displays the equivalent circuit of the reconfigurable sequential feeding network. This feeding network consists of two double-pole-double-throw (DPDT) switches (HMC1118) and two 3-dB SCLCs. The SCLC is composed of two stepped coupled lines (Z e1 , Z o1 , θ and Z e2 , Z o2 , θ) and two transmission lines (Z 3 , θ). By designing the parameters of the stepped coupled lines and transmission lines as Z e1 = 69.32 , Z o1 = 42.4 , Z e2 = 126.35 , Z o2 = 32.6 , Z 3 = 70 , and θ = 90 • , the SCLC could achieve 3-dB power division and wideband performance. Besides, two switches are indispensable for the feeding network to achieve switchable output phase differences (State 1 or State 2), and the insertion loss of the switches is about 1 dB. As demonstrated in Fig. 5 , when the feeding network is operating in State 1, the output phase differences are +90 • , and when operating in State 2, the output phase differences are −90 • . The geometry of the reconfigurable feeding network is illustrated in Fig. 6 , and the detailed view of the microstripto-stripline transition is shown in Fig. 7 . As demonstrated in Figs. 1 and 6 , the feeding network is designed on a fourlayer printed circuit board (PCB), and the stepped coupled lines are implemented using offset coupled striplines. The upper ground of the feeding network with a size of 100 × 100 mm 2 is etched on the top layer of Substrate 2, as shown in Fig. 6(a) . The layout of SCLCs and DPDT switches marked with geometrical parameters are illustrated in Figs. 6(b) , (c) and (d). It can be observed that there are circles with radii r p1 and r p2 etched on the grounds, which could avoid short circuit. In addition, the switches are working with a single positive supply voltage (V DD = 4 V) applied and negative supply voltage (V SS ) tied to the ground. The states (State 1 or 2) of the feeding network are controlled via two digital voltage applied to the V CTRL and L S . With L S set to logic high, State 1 turns on when V CTRL is logic low, and State 2 turns on when V CTRL is logic high. The geometrical parameters of the feeding network are listed in Table 1 . Note that the vias around the microstrip lines and striplines in Figs. 6(a-d) can reduce coupling between the two SCLCs and signal leakage, and avoid unnecessary resonance frequencies.
The simulated and measured scattering parameters (S-parameters) and phase differences of the reconfigurable feeding network are presented in Figs. 8(a-d) . In simulation and measurement, the differential-mode and commonmode impedance of differential port, and impedances of single-ended ports are set to 100 , 25 , and 50 , respectively. Figs 5-4 .39 GHz). The simulated and measured power divisions between the differential port to single-ended ports (S sd21 , S sd31 , S sd41 , and S sd51 ) remain 7.4 ± 1.3 dB and 7.5 ± 2.2 dB (7.4 ± 1.2 dB and 7.5 ± 2.2 dB) from 1.8 to 4 GHz. The simulated and measured phase differences between four single-ended output ports remain 90 ± 5.5 • and 90 ± 6.2 • (-90 ± 3.4 • and -90 ± 6.9 • ) from 1.8 to 4 GHz.
From the results in Fig. 8 , it can be seen that the differential-to-single-ended sequential feeding network can achieve equal amplitude and switchable phase differences between two arbitrary adjacent ports in a wide frequency range. Therefore, by applying this reconfigurable differentialto-single-ended feeding network to feed the bandwidthimproved antenna radiator, a wideband PRDCP antenna can be realized. It should be pointed out that a similar feeding network can be used to feed a subarray of 2x2 CP elements sequentially. According to [29] , [30] , to achieve the feeding network bandwidth, each CP element should have a wideband matching, but not necessary wideband CP bandwidth. The sequential feeding network will make a cancelation of the CP cross-polarization that in turn enhances the AR bandwidth.
III. SIMULATED AND MEASURED RESULTS OF THE ANTENNA
In this section, a PRDCP antenna prototype is fabricated and measured. In order to obtain better impedance and AR bandwidth of the whole antenna, some parameters of the antenna radiator are optimized as d p1 = 58 mm, d p2 = 20 mm, and d p3 = 9.6 mm. The photographs of the fabricated prototype are shown in Fig. 9 . The reflection coefficient and radiation performance of the antenna are measured by a vector network analyzer (Rohde & Schwarz ZVA8) and SATIMO measurement system in a microwave anechoic chamber. Noted that the simulations of the antenna radiator, the feeding network, and the PRDCP antenna are performed with Ansoft High Frequency Structure Simulator (HFSS). In addition, a balun is used to provide the differential sources when measuring the radiation performance of the antenna.
Simulated and measured reflection coefficients under differential-mode excitations for two States are shown in Fig. 10 . The measured bandwidth of −10 dB reflection coefficient in State 1(State 2) is 75.6% (81.8%). Fig. 11  (Fig. 12) presents the co-polarization and cross-polarization gain values, and AR of State 1(State 2) across the operating bandwidth. When the antenna is operating in State 1, the copolarization of the antenna is LHCP, and when the antenna is operating in State 2, the co-polarization is RHCP. The simulated and measured maximum gains of State 1 (State 2) across the entire band are 8.1 dBi and 7.4 dBi (7.8 dBi and 7.4 dBi), respectively. It can be seen that the co-polarization is much larger than cross-polarization for State 1 (State 2). The simulated AR bandwidth of State1 (State 2) below 3 dB is 79.3% (75.9%), and the measured AR bandwidths of State1 (State 2) below 3 dB is 66.7% (71.2%). Fig. 13 presents the simulated and measured radiation patterns in xoz and yoz planes at 2.2 GHz, 3 GHz, and 3.8 GHz, in which the co-polarization of the antenna operat- ing in State 1 is LHCP and the co-polarization of the antenna operating in State 2 is RHCP. It can be seen that the proposed antenna operating in State 1 and State 2 has similar-shaped directional radiation patterns and small cross-polarization over a wide frequency band.
It should be noted that the difference between the simulated and measured results could be due to the insertion loss of the switches, the mismatch between switches and couplers, dielectric losses, manufacture errors, or measurement errors. In summary, the simulated and measured results clearly show that the proposed antenna achieves a good performance in terms of reconfigurable polarization, differential-mode impedance bandwidth, AR bandwidth, gain, and radiation pattern. Moreover, to highlight the advantages of the proposed PRDCP antenna, the comparison between the proposed antenna and other designs is provided in Table 2 .
IV. CONCLUSION
A differential circularly polarized antenna with reconfigurable polarization and wide AR bandwidth is proposed in this paper. To enhance the bandwidth, achieve differential input and polarization reconfigurability, a reconfigurable differential-to-single-ended sequential feeding network is applied to feed a bandwidth-improved antenna radiator. An antenna prototype is designed by simulation and verified by measurement. The good agreement between the simulated and measured results demonstrates that the proposed PRDCP antenna can achieve features such as wide impedance bandwidth, wide AR bandwidth, reconfigurable polarization, and stable radiation patterns.
